Abstract Mineralogically investigated were massive sulfide samples of chimneys and mounds collected during the "SHINKAI 6500" dives (Dive 562 and Dive 567) from two basalt-hosted hydrothermal ore deposits, being at a short distance of about 1 km, occurring in the eastern end of the Yaeyama Central Graben, the Southern Okinawa Trough. In both sample series (#562-and #567-series), ore minerals are dominated by low-iron sphalerite with small amounts of chalcopyrite and galena. Sphalerite in the #567-series samples shows somewhat wide compositional variation, ranging from 0.4 to 3.8 mole%FeS, with the highest mode of about 1 to 2 mole%FeS. Significant amounts of pyrite and secondary marcasite are present in the #562-series samples with subordinate bornite, while in the #567-series samples, they are lacking, but instead tetrahedrite-tennantite series with atomic ratios of Sb/(Sb+As) being 0.2 to 0.8 is abundant and contains Ag up to 0.7wt% with mostly less than 0.5 wt%. Neither pyrrhotite nor isocubanite is encountered in the two sample series. Microthermometries of two-phase (liquid + gas) fluid inclusions trapped in calcite (#567-series) have revealed the following results: homogenization temperatures (not corrected for pressure) of 242 to 317 °C and salinities of 5.1 to 7.6 wt.%NaCl equiv., being a little more saline than the seawater. The observed mineral assemblages and sphalerite compositions obtained for the Yaeyama Central Graben deposits lead us to indicate that the basalt-hosted mineralizations might have occurred under rather higher sulfidation state. From the mineral associations observed, it is also indicated that both hydrothermal deposits are characterized by a metal association of essentially Zn-Pb-Cu. The mineral assemblages and ore textures observed are similar to those of the Kuroko deposits rather than the Besshi-type deposits, as well as their metal association (Cu-Pb-Zn).
Introduction
Since the discovery of a hydrothermal mound with 50°C venting at the "Natsushima 84-1 Knoll" in 1986, extensive surveys of about 200 dives using the submersibles "SHINKAI 2000" and "SHINKAI 6500" have been carried out in the Okinawa Trough (e.g., Glasby and Notsu, 2003) . In June 1988, as part of a joint German-Japanese project, the Central Okinawa Trough was surveyed by scientists on board of the R/V Sonne, with the resultant detection of an active hydrothermal field with extensive massive sulfide deposits in a caldera-like seafloor depression (Izena Cauldron), which was called the Jade hydrothermal field (JADE site). Due to their high contents of Au (up to 24 ppm) and Ag (up to 1.1 wt.%) and to their close similarity to the Kuroko-type deposits, much attention has been paid to them as a probable modern analogue of the Kurokotype deposits (e.g., Halbach et al., 1989 Halbach et al., , 1993 . Geochemistry of hydrothermal fluids has also been reported .
Hydrothermal sites found in the Southern Okinawa Trough include those in the SPOT area (Southwestern Part of the Okinawa Trough, 122°to 123.5°E) (e.g., Sibuet et al., 1998; Shinjo et al., 1999) and those in the Yaeyama Central Graben, with their distribution shown in Figure 1 . Hydrothermal deposits in the SPOT area are represented by those on the Dai-Yon Yonaguni Knoll site located at 24°50'N and 122°42'E at a water depth of about 1,400 m (e.g., Matsumoto et al., 2001 ) and by those on the Hatoma Knoll site located at 24°51'N, 123°50'E at a water depth up to about 1,400 m (e.g., Watanabe, 2001 ). Both hydrothermal deposits are associated with two-pyroxene dacite (partly rhyolite) (K. Watanabe, personal comm.). Results of mineralogical studies of massive sulfide samples collected by the "SHINKAI 2000" dives from these hydrothermal deposits were reported by Okamoto et al. (2002) .
During the "SHINKAI 6500" dive (Dive 562) in the eastern end of the Yaeyama Central Graben, also called the Irabu Knoll, 10 to 20 km wide and deepest in the Figure 1 ) are unique in location, where magmatism within the Yaeyama Central Graben merges with the volcanic front. In this area, three volcanoes were recognized based on preliminary seabeam mapping (Matsumoto et al., 2001 ). The northern volcano has NSelongated feature with crater, about 300 m in diameter, that opens to the northwest. The southwestern volcano has cone shape. The southern volcano is EW-elongated. The former two volcanic edifices are shown in the inset of Figure 1 , with dive tracks. Active hydrothermal venting and associated sulfide deposits were found near summit in each volcano (Matsumoto et al., 2001 ). In SHINKAI-6500 Dive 562, massive sulfide samples were taken in the northern volcano at 25°14.2121'N, 124°52.8752'E (water depth = 1,850 m). During the Dive 567 in the same area, sulfide samples were collected in the southwestern volcano at two sites (25°13.7766'N, 124°52.1868'E, 1,657 m; 25°13.7486'N, 124°52.2076'E, 1,647 m). These hydrothermal deposits closely associated with basaltic pillow lavas might have distinct characters compared with those related to felsic magmas in other hydrothermal vent sites in the Okinawa Trough. However, mineralogical descriptions of the massive sulfide samples collected during these dives in the Yaeyama Central Graben area have not been published so far. In this paper, we report the results of mineralogical study on the massive sulfide samples collected during the "SHINKAI 6500" dives, Dive 562 and Dive 567.
Sample descriptions

Brief descriptions of #562 -series samples
#562-R5 and #562-R6 samples They probably form part of mounds and were collected at one site (25°14.212'N, 124°52.8752'E; 1,850 m). Sulfide-rich samples are massive and compact, while gangue minerals-rich ones are somewhat porous. Representative photomicrographs of the massive sulfide samples are shown in Figure 2 
Brief descriptions of #567 -series samples
#567-R1 and #567-R2 samples The samples, probably forming part of chimneys and mounds and closely associated with pillowed basalts, were collected at the following sites, respectively: 25°13.7766'N and 124°52.1868'E at a water depth of 1,657 m; 25°13.7486'N and 124°52.2076'E at a water depth of 1,647 m. Although they are usually massive and compact, well-banded structure composed of an arrangement of different minerals is seen in some of the mound samples. Some are characterized by the presence of "conduits" up to about 1.0 cm in diameter, suggesting their chimney origin. Representative photomicrographs of the massive sulfide samples are shown in Figure 3 (A to H) .
Unlike the ore samples from the Dai-Yon Yonaguni Knoll site and the Hatoma Knoll site, there are no significant differences in mineralogy between the chimney and mound samples from the Yaeyama Central Graben, except one chimney composed exclusively of rhodochrosite, barite and talc with minor ore minerals, including low-iron sphalerite, galena and chalcopyrite. Minor stibioenargite was first found from the #567-R2 sample throughout the Okinawa Trough. On the basis of total elements of 8, its chemical formula is estimated as follows: (Cu+Ag+Fe+Zn) 3 (Sb+As) 1 S 4 , in which proportions of Sb and As vary from 0.14 to 0.27 and 0.70 to 0.81, respectively, with those of Ag+Fe+Zn being less than 0.02. Ore minerals-rich samples are dominated by low-iron sphalerite with subordinate amounts of chalcopyrite, galena and tetrahedrite-tennantite series with some realgar. Ore minerals occur as aggregates of euhedral to subhedral crystals of sphalerite, galena. tetrahedrite-tennantite series and chalcopyrite (Figure 3 A, E) without dendritic textures and in places, form dendritic textures displayed by sphalerite, tetrahedrite-tennantite series and chalcopyrite (Figure 3 B, C, D, F, H) . Grain size of crystals, especially of sphalerite and barite, irrespective of whether from the chimney or mound samples, show their outward decreasing crystal grainsize (Figure 4 A, B) . Colloform textures are very rare, while dendritic textures are common. Usually, as shown in Figure 4 C, D) , dendritic sphalerite intergrown with chalcopyrite and minor amounts of galena and tetrahedrite-tennantite series shows their outward growth of chimneys. Tetrahedrite-tennantite series with atomic ratios of Sb/(Sb+As) being 0.2 to 0.8 contains Ag up to 0.7wt% with mostly less than 0.5 wt%. Sphalerite (#567R1-1A, -3A; #567R2-1A, -3C, -4C) shows somewhat wide compositional variation, ranging from 0.4 to 3.8 mole%FeS, with the highest mode of about 1 to 2 mole%FeS. Although usually well-crystallized chalcopyrite is concentrated along conduits within chimneys as reported from massive sulfide deposits occurring in mid-oceanic environments, including the Rainbow hydrothermal field, Mid-Atlantic Ridge (e.g., Lee et al., 2002) , tetrahedrite-tennnantite series closely intergrown with sphalerite is growing along conduits of the chimneys in the #567-series samples (Figure 3 H) . None of pyrite, pyrrhotite, marcasite and isocubanite is recognized. Gangue minerals-rich samples are composed mainly of barite and amorphous silica with lesser amounts of anhydrite, calcite, rhodochrosite and talc.
Microthermometry of two-phase (liquid + gas) inclusions trapped in calcite taken from the sulfide mound sample (#567R2-4C) has yielded the following results: homogenization temperature (not corrected for pressure) of 242 to 317 °C and salinity of 5.1 to 7.6 wt.%NaCl equiv. Salinities measured are plotted against homogenization temperatures in Figure 5 . The estimated salinity of the hydrothermal fluid is somewhat higher than that of the seawater.
Discussion
Chimney and mound samples closely associated with basalt pillow lavas from the eastern end of the Yaeyama Central Graben, Southern Okinawa Trough, were briefly described. It is interesting to notice the fact that, though both deposits being hosted by basalt pillow lavas, there are mineralogical differences and similarities between the #562 site and the #567 site located about 1 km southwest of the former. Fe-S minerals, including pyrite, pyrrhotite and marcasite are absent in the #567-series samples. In the #562-series samples, tetrahedritetennantite series is very rare, but instead bornite is common. Galena, though varying in amounts, is always observed in both types of samples, while none of pyrrhotite and isocubanie is encountered in the two sample series. On the other hand, massive sulfide ore samples in both sites are characteristically dominated by low-iron sphalerite. The observed mineral assemblages and sphalerite compositions suggest that the basalt-hosted mineralizations might have taken place under rather higher sulfidation state. From the mineral associations observed, it is also indicated that both hydrothermal deposits are characterized by a metal association of essentially Zn-Pb-Cu.
It is to be noted that the mineral assemblages and ore textures observed are very similar to those of felsic volcanics-hosted Kuroko deposits in the Hokuroku district, Akita Prefecture, northeastern Japan. For the mineral assemblages and ore textures observed in the Kuroko deposits, see, for instance, Sato (1974) , Watanabe (1974) and Eldridge et al. (1983) . Thus, they are different from those of the basalt-hosted Besshi-type deposits in that in particulr, galena is absent or present in only minor amounts and the Besshi-type ores are essentially Cu(± Zn)-type (e.g., Kase and Yamamoto, 1988; Watanabe et al., 1993) . However, stringer zones, corresponding to underlying siliceous ore zone ("Keiko zone") in the Kuroko deposits, are apparently lacking in these basalt-hosted massive sulfide deposits. As is inferred from massive sulfide deposits occurring in other back-arc basins, including the Lau Basin (e.g., Fouquet et al., 1993 ) and also in mid-oceanic ridge environments, including the TAG hydrothermal field, Mid-Atlantic Ridge (e.g., Rona et al., 1993) , it is likely that such zone might exist beneath the mounds as networks or veinlets. Nakashima et al. (1995) reported the following microthermometric results obtained for two-phase fluid inclusions trapped in coarse-grained calcite in the Pyramid chimney associated with basalt pillow lavas at the CLAM site (27°33'N, 126°58'E, water depth of 1.392 m), Iheya Ridge, Central Okinawa Trough: homogenization temperatures ranging from 204 to 338°C and salinities ranging from 3.37 to 5.70 wt.%NaCl equiv. The homogenization temperatures obtained by the present study are in good accordance with their results, while the estimated salinities of the hydrothermal fluid are a little more saline than those. It is interesting to note that both salinity data are somewhat higher than those of the seawater.
Comparison between the basalt-hosted sulfide deposits described here and other sulfide deposits occurring in the Okinawa Trough, regardless of whether hosted by mafic or felsic volcanics, will be made somewhere, from the viewpoint of VMS (volcanogenic massive sulfide deposits) genesis (Watanabe et al., in prep.).
Summary
We have mineralogically investigated massive sulfide samples of chimneys and mounds collected during the "SHINKAI 6500" dives (Dive 562 and Dive 567) from two basalt-hosted small-scale hydrothermal ore deposits, occurring in the eastern end of the Yaeyama Central Graben, the Southern Okinawa Trough. In both sample series (#562-and #567-series), ore minerals are dominated by low-iron sphalerite with small amounts of chalcopyrite and galena. Significant amounts of pyrite and secondary marcasite are present in the #562-series samples with subordinate bornite, while in the #567-series samples, they are lacking, but instead tetrahedritetennantite series is abundant. Neither pyrrhotite nor isocubanite is encountered in the two sample series. Microthermometries of two-phase fluid inclusions trapped in calcite (#567-series) have revealed the following results: homogenization temperatures (not corrected for pressure) of 242 to 317 °C and salinities of 5.1 to 7.6 wt.%NaCl equiv., being a little more saline than the seawater. The basalt-hosted mineralizations are likely to have occurred under rather higher sulfidation state. Both hydrothermal deposits are characterized by a metal association of essentially Zn-Pb-Cu. The mineral assemblages and ore textures observed are similar to those of the Kuroko deposits rather than the Besshi-type deposits, as well as their metal association (Cu-Pb-Zn).
